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Introduction
Dam breaches (overtopping with and without dam break) can produce devastating floods that result in loss of life and substantial property damage (Bureau of Reclamation, 1998) . To estimate the magnitude of potential floods due to dam breach, hydraulic models can be developed to simulate downstream floods, which can provide insights regarding the potential downstream hazards to life and property.
The U.S. Department of Agriculture Forest Service (FS) has identified hazard concerns for areas downstream from five Colorado dams on FS land for dams that impound the five reservoirs. In 2009, flood hydrology and dam-breach hydraulic analyses were initiated by the U.S. Geological Survey (USGS) in cooperation with the Forest Service. Although most of the reservoirs in this study are located in relatively remote areas of Colorado ( fig. 1 ), inhabitants and infrastructure may be present along the stream channels downstream from the dams, including houses, bridges, and commercial structures. A predictive study was based on readily available and reconnaissance-level information to estimate the downstream areal extent of flood inundation in consideration of dam-breach scenarios in response to three hypothetical large rainstorms (storms). The dam-break scenarios for each reservoir, in response to the three storms, were used to estimate the hazards (hazard classifications) to life and property.
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The inflow design floods resulting from the three simulated hypothetical rainstorms (100-year recurrence, 500-year recurrence, and probable maximum precipitation, 24-hour duration rainstorms) were determined using the U.S. Army Corps of Engineers Hydrologic Engineering Center's Hydrologic Modeling System model. The U.S. Army Corps of Engineers Hydrologic Engineering Center's River Analysis System model was used to determine water-surface profiles for dam overtopping with and without dam break for the three inflow design floods.
Purpose and Scope
This report presents the results of flood hydrology and dam-breach hydraulic analyses of five reservoirs in Colorado-Balman Reservoir, Crystal Lake, Manitou Park Lake, McGinnis Lake, and Million Reservoir-located on FS land. Each site was visited by USGS personnel for the purpose of verifying dam dimensions, assessing presence of structures below each dam, and estimating channel roughness, but new hydraulic data and measurements were not collected as part of the reconnaissance. Three high streamflows resulting from three simulated design rainstorms were considered for two cases of dam breach: (1) the dam is overtopped but does not break, and (2) the dam is overtopped and subsequently breaks. Overtopping includes when water behind the dam flows over the dam spillway and (or) water flows over not only the spillway but also the main structure of the dam. Three large rainfall (storm) events were simulated: the 1-percent exceedance (100-year [yr] recurrence), 24-hour (h) precipitation; the 0.2-percent exceedance (500-yr recurrence), 24-h precipitation; and the probable maximum precipitation (PMP) applied over a 24-h duration (hereinafter referred to as the 100-yr, 500-yr, and PMP, 24-h storms). The PMP scenario is consistent with the downstream hazard classification guidelines discussed in Bureau of Reclamation (1988) . The other two storm scenarios represent smaller but more probable storms than the PMP. Inundation maps were constructed that show the estimated areal extent of downstream flooding for the simulated dam breaches. Simulation results of the dam-break scenarios were used to determine the hazard classification of the dam structure (high, significant, or low), based on the potential for loss of life and property damage resulting from downstream inundation because of a flood surge. This report addresses the need of the FS to assess and plan for potential floods downstream from dams constructed on FS property.
Description of Study Areas
The five dams studied in this report are widely spaced throughout Colorado ( fig. 1 ) and are located in five Colorado counties. A wide range of development and infrastructure is located downstream from the dams. General descriptions of the dams and surrounding areas were extracted from topographic and geologic maps, information provided by the FS (Atiq Syed, dams/geotechnical engineer, U. 
Balman Reservoir
Balman Reservoir ( fig. 2 ) is a 60-acre-foot (acre-ft; maximum storage) reservoir on North Lake Creek in Custer County. The earthen dam was completed in 1965 (Atiq Syed, written commun., July 2009), and the lake is used primarily for irrigation and recreational purposes (Find Lakes, 2011a) . No man-made structures are located at the reservoir.
The contributing watershed to Balman Reservoir is about 0.11 square mile (mi 2 ) of evergreen mixed conifer (Allen and others, 1991) forest land on steep topography ( fig. 2) , with an average land slope of about 18.4 percent. Soils generally are thin, rocky, and covered with forest litter. Much of the contributing watershed to Balman Reservoir is underlain by Paleozoic-age sedimentary rocks and glacial deposits (Lindsey, 2010) .
Downstream from the dam on Balman Reservoir, North Lake Creek flows through a steep, narrow canyon for about 1.4 miles, then the terrain becomes more open as the stream flows into a broad valley and exhibits meandering channel characteristics. Man-made structures generally are not located near the stream.
Crystal Lake
Crystal Lake ( fig. 3 ) is an 80-acre-ft (maximum storage) reservoir on Full Moon Gulch in Ouray County. The earthen dam, which consists of two embankments, was completed in 1965 (Atiq Syed, written commun., July 2009). Crystal Lake is used primarily for recreational purposes but was probably originally constructed for water storage related to mining activities. The dam height is approximately 14 ft and the overall length, including the two embankments (north and east), is approximately 1,600 ft (Atiq Syed, written commun., July 2009).
The contributing watershed to Crystal Lake is about 2.28 mi 2 of evergreen forest land on steep topography ( fig. 3 ). Rugged undeveloped terrain dominates the contributing watershed to Crystal Lake with an average land slope of about 51 percent. Soils generally are thin and covered with forest litter. Much of the contributing watershed to Crystal Lake is underlain by volcanic ash tuffs, flows, and breccias (Luedke and Burbank, 1962; Burbank and Luedke, 1964) . No man-made structures are located at the reservoir.
Downstream from the dam on Crystal Lake, Full Moon Gulch flows into Red Mountain Creek, which flows through a steep, narrow, meandering canyon for about 5 miles to the confluence with Canyon Creek at Ouray, Colorado, where it becomes the Uncompahgre River through Ouray ( fig. 3) . No man-made structures are located near the stream until the vicinity of Ouray.
Manitou Park Lake
Manitou Park Lake ( fig. 4 ) is a 290-acre-ft (maximum storage) reservoir on Trout Creek in Teller County (Atiq Syed, written commun., July 2009). The earthen dam was completed in 1937 and the lake is used primarily for fish and wildlife protection and recreational purposes (Find Lakes, 2011b) . A campground and picnic area are located on the western side of the lake.
The contributing watershed to Manitou Park Lake is 70.3 mi 2 and generally is covered by evergreen forest and deciduous shrubs with an average land slope of about 19 percent. The Trout Creek valley is broad with grass and willow. The upper tributaries are located in steep, rocky topography ( fig. 4 ). Soils generally are thin and covered with forest litter. Much of the contributing watershed to Manitou Park Lake is underlain by Precambrian granitic rocks, (Tweto, 1979) . Downstream from the dam on Manitou Park Lake, Trout Creek meanders through a broad, grassy valley. No manmade structures are located near the stream.
McGinnis Lake
McGinnis Lake ( fig. 5 ) is a 200-acre-ft (maximum storage) reservoir on East Fork Skinny Fish Creek in Garfield County (Atiq Syed, written commun., July 2009). The earthen dam was completed in 1944, and the lake is used primarily for recreational purposes (Find Lakes, 2011c) . No man-made structures are located at or near the lake, which is within a federally protected wilderness area.
The contributing watershed to McGinnis Lake is about 3.02 mi 2 and is mostly covered by evergreen forest and grassy meadows on steep topography (fig. 5) with an average land slope of about 21 percent. Rugged, undeveloped terrain dominates the contributing watershed to McGinnis Lake. Soils generally are thin and covered with forest litter in forested areas, and tundra plant cover above timberline. Large areas of rock outcroppings are present throughout the watershed. Much of the contributing watershed to McGinnis Lake is underlain by late Cenozoic basaltic volcanic rocks of the Flat Tops Volcanic Field, which form high cliffs above the reservoir ( Beard and Johnson, 1993) . 
Flood Hydrology Analyses
The inflow design floods (IDFs) resulting from the three simulated design storms (100-yr, 500-yr, and PMP, 24-h storms) were determined using the U.S. Army Corps of Engineers Hydrologic Engineering Center's Hydrologic Modeling System (HEC-HMS; U.S. Army Corps of Engineers, 2008a). Available as a public-domain software, HEC-HMS is a computer model that simulates the rainfall-routing-runoff processes for a watershed. The model provides options for the application of precipitation on watersheds based on specified observations, design storms, or frequency events. Runoff losses (precipitation that does not contribute to streamflow) can be simulated using 10 different methods. Unit hydrograph transformations account for overland flow, storage, and energy losses as excess rainfall travels through the watershed. A channel routing component within the HEC-HMS model accounts for storage and energy flux as water moves through the main channels. The peak streamflows for the 100-yr and 500-yr IDFs at the inlet stream to the reservoir were determined by using flood-frequency regression equations for Colorado that are based on watershed characteristics (Capesius and Stephens, 2009 ). The peak streamflows computed were used to calibrate the Soil Conservation Service (SCS) curve numbers (CN) used in the HEC-HMS model. The SCS CN for the 500-yr storm also was used for the PMP IDF.
Model Input Parameters
Development of the HEC-HMS models to determine the IDFs for the 100-yr, 500-yr, and PMP, 24-h storms for the five watersheds began with delineation of the contributing water shed to the reservoir. The HEC-HMS model requires estimation of four primary components: design storms, runoff losses, unit hydrograph transformations, and channel routing. Additional options are available in the HEC-HMS model to simulate base flow, channel infiltra tion, and hydrauliccontrol structures.
Watershed Delineation
Each reservoir's watershed was delineated using a 10-meter spatial resolution DEM derived from the National Elevation Dataset (Gesch, 2007) with U.S. Geological Survey Streamstats Internet tool (U.S. Geological Survey, 2011). A single elevation represents each 10-by 10-meter cell in the grid. This level of detail causes minor discrepancies in the exact stream and watershed boundary locations within the model but meets the needs of this reconnaissance-level assessment. The Manitou Park Lake watershed (70.3 mi 2 ) was divided into smaller subwatersheds to increase the accuracy of the hydrology model, but subdividing the watersheds was not needed for the other small watersheds that ranged in size from 0.11 (Balman Reservoir) to 3.02 mi 2 (McGinnis Lake). The watersheds and subwatersheds (Manitou Park Lake only) are shown for each reservoir in figures 2-6.
Design Storms
The cumulative precipitation amounts for the 100-and 500-yr, 24-h storms were determined using the National Oceanic and Atmospheric Administration (NOAA) Atlas 2 hydrologic reference and computations (Miller and others, 1973) . The cumulative precipitation amounts for the PMP 24-h storm were determined by the output from the extreme precipitation analysis tool (EPAT), a GIS method developed by a consultant (HDR) for the state of Colorado (Paul Perri, Colorado Division of Natural Resources, written commun., January 2011). The EPAT PMP rainfall total was provided by the DNR and was estimated by using documented historical extreme rainstorm footprints that are appropriate for the elevation and regional location of the watershed. The tool transposes the location and orientation of the historical storm pattern over the watershed, and reports the maximum amount of rainfall produced in the watershed of interest (Paul Perri, written commun., January 2011). Table 1 shows the cumulative precipitation amounts for the three storms in the study areas. Precipitation amounts shown in table 1 reflect the equivalent uniform amount that would fall on the entire watershed. These uniform precipitation amounts were estimated based on watershed size and location according to NOAA guidance documents (Miller and others, 1973) . Storms were assumed to distribute the total rainfall in an SCS Type II distribution (U.S. Army Corps of Engineers, 2008a), in which the peak rainfall rate occurs near the end of the second quartile of a 24-hour storm period.
Runoff Losses
Precipitation that does not result in surface-water flow is defined as a loss. Losses primarily control the total runoff volume of a watershed and also affect the magnitude of peak streamflow. The primary components of losses are soil infiltration and initial abstraction. Initial abstraction refers to the total Table 1 . Cumulative precipitation amounts (in inches over watershed area) for 100-and 500-year recurrence and probable maximum precipitation, Soil Conservation Service Type II, 24-hour duration storms for five Colorado watersheds (Miller and others, 1973 1986) . Curve numbers range from 30 to 100, with a value of 30 representing minimal runoff potential and 100 representing no infiltration or depression storage. Peak streamflows for the 100-yr and 500-yr recurrence interval storms were computed using the regional regression equations, which are based on gaging station data and basin characteristics (Capesius and Stephens, 2009 ). These peak streamflows are then assumed to represent the peak flow that would occur during a 100-yr and 500-yr, 24-hour precipitation event. In the calibrations for the 100-and 500-yr hydrographs, which assume a 24-h rainfall total computed from Miller and others (1973) and SCS Type II rainfall distribution (Miller and others, 1973) , the SCS CNs in the HEC-HMS models were adjusted by iteration until a hydrograph with the regressionestimated peak streamflow was produced. For the PMP hydrograph computation, the CN determined for the 500-yr hydrograph and the PMP rainfall were used in the HEC-HMS model. So, in the case of the PMP, it is assumed that the PMP rainfall produces the PMP flood because no method for directly computing the peak streamflow at a particular location was found in the literature. Thus, unlike the 100-and 500-yr peak streamflows, no regression for the PMP peak streamflow is available, so the PMP rainfall total was run in the model with a CN assumed to be the same as the CN for the 500-yr model run.
Unit Hydrographs
A hydrograph is a plot of streamflow as a function of time. A unit hydrograph is the resulting direct-runoff hydrograph from one unit of rainfall for one unit of time and is used to define the theoretical shape of a hydrograph during a rainfall event (U.S. Army Corps of Engineers, 2000) . By using this empirically derived SCS UHG method, the timing and magnitude of the peak streamflow generated within a watershed can be estimated. This component of the HEC-HMS model does not affect the total runoff volume from a watershed.
The SCS UHG method (U.S. Department of Agriculture, 1986) was applied to the models for the five watersheds. For the unit hydrograph component of the HEC-HMS model, the input is the basin time lag. This parameter is a coefficientadjusted estimate of the time of concentration, which is the time it takes for direct runoff to travel from the farthest point in a watershed to the outlet (U.S. Army Corps of Engineers, 2000). Topographical features (channel length and slope) were estimated from the DEM using GIS software. Roughness coefficients and channel geometry (such as general shape [for example, trapezoidal or rectangular] and bank side-slope angles measured with a Brunton compass) were estimated from field observations in the area of interest (Arcement and Schneider, 1989; Vaill and others, 1995) .
Channel Routing
For subwatersheds (Manitou Park Lake only) that receive inflow from an upstream watershed, a channel-routing routine is used to convey the discharge through the main channel to the basin outlet. Subwatersheds that do not receive inflow from an upstream subwatershed will not contain a routing element. The routing component of HEC-HMS controls the attenuation of stream flow because of energy resistance and thus can control the magnitude and timing of peak flows. It does not affect the total runoff volume generated within a watershed. The Muskingum-Cunge method was chosen as an appropriate routing method because the continuity and momentum equa tions are solved using parameters that are physically based with assumptions that are not violated in natural channels (U.S. Army Corps of Engineers, 2000). Using a specified channel geometry (length and slope derived from the 10-meter DEM using GIS software) and roughness coefficient (Manning's n-values estimated from field inspection; Arcement and Schneider, 1989) , continuity and momentum equations were solved to estimate streamflow routing in the main channels. Routing parameters were identical to those used to determine the channel flow component of the SCS UHG portion of the model (described in the "Unit Hydrograph" section). Table 2 summarizes input parameters to the HEC-HMS model for the watersheds and subwatersheds (Manitou Park Lake only) for each reservoir.
Summary of Input Parameters
Inflow Design Floods
The IDFs for each reservoir were estimated with the HEC-HMS model for the 100-yr, 500-yr, and PMP, 24-h storms. As previously mentioned in the "Runoff Losses" section of this report, the SCS CN was calibrated with 100-yr and 500-yr peak streamflows computed using USGS regional flood frequency equations for Colorado (Capesius and Stephens, 2009 ). The IDF hydrographs used for this analysis were the SCS UHGs that produced a peak similar to the 100-yr and 500-yr peak streamflows computed from the flood frequency equations. The PMP IDF modeled was the hydrograph resulting from the PMP 24-h storm and the SCS CN calibrated for the 500-yr recurrence HEC-HMS model run (figs. 7-11 and table 3). [Note: watershed parameters without parenthesis were calibrated to the 100-year recurrence regression peak flow and used in the 100-year recurrence simulation; watershed parameters in parenthesis were calibrated to the 500-year recurrence regression peak flow and used in the 500-year recurrence and probable maximum precipitation (PMP) simulations; watershed area, in square miles; SCS CN, Soil Conservation Service curve number, dimensionless; initial abstraction, in inches; SCS time lag, in minutes; ft, feet; h/v, side slope is given in units of horizontal distance per 1 vertical distance unit on a right triangle; --, not applicable; Manning's n, Manning's Roughness coefficient] 
Lake or reservoir
Dam-Breach Hydraulic Analyses
The step-backwater hydraulic analysis model, Hydrologic Engineering Center's River Analysis System (HEC-RAS) 4.0 (U.S. Army Corps of Engineers, 2008b Engineers, , 2008c , was used to determine water-surface profiles of overtopping scenarios with and without dam break for the three simulated IDFs. In the overtopping-without-dam-break scenario, the IDF is routed over the dam structure and through the spillway. In the overtopping-with-dam-break scenario, the IDF is routed through the dam structure during and after the dam break. Input data for the hydraulic models included stream cross section, hydraulic structure, dam geometries, IDF hydrographs, and roughness coefficients (Manning's n-values). General parameters of the dams such as storage, height, design outflow, and other information were obtained from the NID database (U.S. Army Corps of Engineers, 2009) or provided by the FS (Atiq Syed, written commun., July 2009). The HEC-RAS model computes lake or reservoir storage based on dam specifications (embankment geometry, spillway), available or user-estimated bathymetric crosssection geometry, and water-surface elevation. Bathymetry for Streamflow, in cubic feet per second 100-year recurrence 500-year recurrence Probable maximum precipitation EXPLANATION most of the reservoirs was unknown and was estimated for the purposes of this report using normal-pool shoreline location, and elevations upstream and downstream from the reservoirs.
Dam Geometry
Characteristics of the dam structure for input to the HEC-RAS model include storage; elevations of the normal pool, toe of dam, and top of dam; valley length; crest width; and embankment side slopes. The characteristics were determined from field observations, maps, and the best available information. Figures 12-16 show the relation between stage and streamflow through each open-channel reservoir outlet (spillway), as determined from a series of steady-flow HEC-RAS simulations.
Balman Reservoir
Balman Reservoir is a 60-acre-ft (maximum storage) reservoir on Lake Creek in Custer County, and dam height is approximately 27 ft (Atiq Syed, written commun., July 2009). The dam has a length of about 88 ft, a top width (crest) of about 20 ft between the upstream and downstream dam faces, and the dam embankment slopes to the natural channel at a ratio of about 2 horizontal distances to 1 vertical distance unit (2h:1v) for the upstream (slope beneath water surface is not certain) and downstream sides. Normal pool elevation is 9,428 ft above NAVD 88, which is about 10 ft below the top of dam. The current outlet is a steep-walled cut in the dam material at the south edge of the dam. The embankment material appears to be unsorted and may be a natural glacial moraine. A spillway was cut into the dam material on the north side of the embankment and is reinforced with gabion structures where it rejoins the outlet stream below the dam. At present, the spillway seems too high above normal reservoir water surface to be useful, but it appears that either there was a higher dam and outlet at some time in the reservoir history or the outlet has eroded deeper and lowered the water surface. Upstream and downstream dam faces slope at angles of about 2h:1v. Figure 12 shows the relation between stage and streamflow through the Balman Reservoir outlet, which probably serves as a spillway for all IDF flows, as determined from a series of steady-flow HEC-RAS simulations.
Crystal Lake
Crystal Lake has a maximum storage of about 80 acre-ft behind an earthen dam that extends approximately 14 ft above the natural channel bottom (Atiq Syed, written commun. Figure 13 shows the relation between stage and streamflow through the spillway. Normal pool elevation is estimated to be 9,617 ft, and weir flow over the north embankment occurs at an estimated stage of about 9,620 ft. Currently (2011), the primary outlet structure consists of an iron culvert approximately 4 ft in diameter, which is partially collapsed and inoperable. Crystal Lake is a fill-and-spill reservoir through a spillway in the east embankment that keeps the water level about 3 ft below the top of the embankment.
Manitou Park Lake
Manitou Park Lake is an earthen dam with a maximum storage of about 290 acre-ft. The dam is approximately 24 ft tall from streambed to crest and has a length of 955 ft (Atiq Syed, written commun., July 2009). The dam has a top width of about 12 ft. The dam embankment slopes to the natural channel at a ratio of about 2h:1v for the upstream (slope beneath water surface is unknown) and downstream sides. The outlet structure consists of a concrete weir spanning approximately 70 ft near the west end of the embankment. The dam has about 7 ft of freeboard above the normal pool elevation (7,740 ft above NAVD 88). Although water can be released from the dam, the water surface appears to be stable at normal pool elevation, so a fill-and-spill operation of the dam seems likely. Figure 14 shows the relation between stage and streamflow for flow through Manitou Park Lake the outlet structure when the outlet structure serves as a spillway (gates not open).
McGinnis Lake
McGinnis Lake has a maximum storage of about 200 acre-ft behind an earthen dam. The dimensions of the dam are 18 ft from streambed to crest with a centerline length of 250 ft. The dam has a top width of about 5 ft, the upstream face slopes to the normal pool water surface at a ratio of 2h:1v, and the downstream face slopes to the toe of the dam at a ratio of about 2h:1v. The outlet structure consists of an 18-in. diameter cast-iron pipe that releases water to a natural channel at the toe of the dam. The normal pool elevation is approximately 10,164 ft (above NAVD 88) with about 2.5 ft from the water surface to the top of the dam. The spillway for the lake is a channel about 29 ft wide and a maximum depth of approximately 3 ft. The spillway is apparently cut into hillslope material, not the embankment. The spillway controlled the level of the lake when observed in September 2009, because the outlet pipe seems to have limited flow capacity. Figure 15 shows the relation between stage and streamflow through the McGinnis Lake spillway.
Million Reservoir
In 1953, Million Reservoir had a normal storage of about 43 acre-ft (maximum storage of about 240 acre-ft) of water behind an earthen dam. As mentioned in the "Description of Study Area" section, the dam was rebuilt between 2003 and 2005 after the reservoir was damaged by debris flows following a wildfire in 2002 (Moyer, 2008) . High-water surface marks observed in 2010 suggest that the normal pool elevation is similar to that of the original reservoir. The height of the current dam is approximately 25 ft from streambed to crest (similar to the original dam) with a centerline length (including the spillway embankment) of about 400 ft. The dam currently has a top width of about 15 ft. The upstream face slopes to the normal pool water surface at a ratio of 2h:1v and the downstream face slopes to the toe of the dam at a ratio of about 3h:1v. The current outlet structure consists of a 12-in. diameter black plastic pipe that releases water to a rip-rapped channel at the toe of the dam. The normal pool elevation is approximately 8,503 ft (above NAVD 88) and has about 6 ft of freeboard to the top of the dam. The spillway for the lake is a channel about 70 ft wide with a maximum depth of approximately 4 ft. The spillway is apparently cut into embankment material and is not rip-rapped across the top width of the embankment. The outlet controlled the level of the lake through a drop-type pipe at the water surface when observed in October 2010. Because the outlet pipe seems to have limited flow capacity, the spillway probably controls outflow during floods. Figure 16 shows the relation between stage and streamflow through the Million Reservoir spillway.
Dam Break
Overtopping with dam break was used as the dam-break scenario for HEC-RAS simulations. The parameters of average break width and time of formation were estimated as a function of lake volume based on 63 previous case studies in a methodology described in Froehlich (1995) . Model input parameters for the five simulated dam breaks are similar to parameters for four case studies of dam breaks with similar characteristics (Bureau of Reclamation, 1998; table 4).
Downstream Channel Geometry
Synthetic cross sections of the downstream channel geometry were determined from DEM elevations; figure 17 shows an example cross section of Red Mountain Creek downstream from Crystal Lake. In this reconnaissance-level study, no field data or stream cross-section data were measured using surveying instruments. Synthetic cross sections were cut from the elevation dataset approximately every 50-200 ft, with increasing resolution (closer spacing) through bends and changes in channel geometry. Manning's n-values were varied throughout the down stream reach and ranged from 0.10 to 0.20 for the HEC-RAS simulations. Some of the Manning's n-values used in the simulations were greater than those that were estimated during field reconnaissance, and were used in the HEC-HMS simula tions because it was necessary to maintain subcritical flow assumptions in some stream reaches with steep, turbulent flows. The larger Manning's n-values resulted in more conservative estimates (higher simulated water surfaces).
Inundation Maps
Inundation maps (11-by 17-in. size) that illustrate overtopping scenarios with and without dam break for the three simulated IDFs (100-and 500-yr recurrence peak streamflow and PMP streamflow) in response to 24-h storms are provided in the back of this report (figs. 18-32). The downstream limit ("terminal point") of the inundation was chosen in each case as the location where "adequate floodwater disposal" could be attained (Bureau of Reclamation, 1988) , or the point below which the potential for loss of life and substantial property damage caused by floodwaters seems limited. This includes situations such as no human occupancy, no anticipated future development, floodwaters contained in a large reservoir or main-stem channel, or floodwaters being contained within the channel banks (Bureau of Reclamation, 1988). 
Hazard Classification
This study was done to estimate the potential downstream hazard caused by potential flooding due to a hypothetical dam break. A downstream hazard is defined as the potential lives-in-jeopardy or property damage downstream from a dam or reservoir because of floodwaters released at the dam or reservoir due to a dam break. The downstream hazard classification does not consider the existing condition of the dam, the cost of the dam, related facilities (such as pump stations or canals), or the consequence of rapid reservoir drawdown on property (such as docks or marinas) (Bureau of Reclamation, 1988). Hazard classifications described in the following sections are based only on the additional flood surge resulting from overtopping and a dam break. Hazard classifications were not determined for inundation from overtopping scenarios without a dam break. Table 5 provides additional information on Bureau of Reclamation downstream hazard classifications. The dam safety guidelines for Colorado (Colorado Department of Natural Resources-Dam Safety Branch, 2010) are more stringent than the Bureau of Reclamation classification because in Colorado, any likely loss of life in a dam break requires a "high" hazard classification. If structures or living areas in overbank (outside the main channel) are inundated, an analysis using overbank depths and velocities can be used to show that loss of life is unlikely (Colorado Department of Natural Resources-Dam Safety Branch, 2010 ). This analysis is described in more detail and is used in the following sections describing Crystal Lake and Million Reservoir to show that loss of life is not expected despite the inundation of structures within the overbank areas of the flood plain. 
Balman Reservoir
The Bureau of Reclamation hazard classification for Balman Reservoir for dam-break scenarios is rated "low" (table 5) because of the absence of permanent structures in the downstream inundation area (figs. 18-20) . Permanent dwellings are present in the vicinity of the Lake Creek channel, but none are believed to be at risk from the dam overtopping with or without dam break in response to the probable maximum precipitation flood. Several unpaved road crossings (culverts) would likely be washed out (and possibly the bridge at State Highway 69) due to highest flood flows or smaller flood flows that mobilize debris that plugs the culverts.
The inundation areas predicted in the dam-break scenarios are substantially larger than overtopping scenarios without dam break. The inundation in the dam-break scenario is shallower and is characterized by slower water velocities for two reasons: (1) the additional flooded areas are generally located on the overbank on either side of the main stream channel, and (2) the flooded areas may involve additional channel width in very wide reaches of the river.
Crystal Lake
The Bureau of Reclamation hazard classification for Crystal Lake for dam-break scenarios is rated "significant" because of the potential for appreciable economic losses, but there are no lives believed to be in jeopardy as a result of dam breaks (table 5) . A flood resulting from a dam break would cause inundation or damage to some permanent structures. Damage is also possible for some bridges in the town of Ouray. Inundation maps produced from the results of hydraulic modeling for the simulated 100-yr, 500-yr, and PMP recurrence peak streamflows (figs. 21-23) indicate that some of the structures along the Uncompahgre River in Ouray and downstream from the town of Ouray are within estimated flood-plain boundaries.
The additional inundation areas predicted in the dambreak scenarios are substantially larger than those produced in the overtopping-without-dam-break scenarios. The inundation in these areas is shallower and characterized by slower water velocities for two reasons: (1) the additional flooded areas are generally located on the overbank away from the main stream channel, and (2) the flooded areas may involve additional channel width in very wide reaches of the river. For the 100-yr, 500-yr recurrence, and PMP peak streamflows, maximum flood depths ranged from about 3 to 6 ft in the channel during the maximum flood surge of all three dam-break scenarios. Maximum channel depths were less during the overtopping-without-dam-break scenarios. The maximum depths occur within a well defined active channel through most of Ouray. The 10-square meter resolution of the digitally derived cross-section elevations do not describe the detail of the stream-channel or streambank morphology, but channel and (or) overbank boundaries were determined from aerial imagery (U.S. Department of Agriculture, 2012) and simulated using changes in roughness to the model. In areas away from the channel, average right and left overbank depths from the modeled dam-break scenarios are estimated to be less than 2 ft. When combined with overbank velocities generally between 1 and 3 ft per second, the product of the depth and velocity yields a number less than seven, which generally is not considered to be life threatening (Colorado Department of Natural Resources-Dam Safety Branch, 2010).
To put the flood hydrology into perspective, the PMP (a 2.28-mi 2 contributing watershed) dam-break scenario flood (1,500 cubic feet per second (ft 3 /s)) at the upstream edge of the town of Ouray (just downstream from the confluence of Red Mountain and Canyon Creeks) is not even as large as the 100-yr recurrence peak streamflow (2,170 ft 3 /s) at the same location (based on a 75-mi 2 contributing watershed), as computed using USGS flood frequency equations (U.S. Geological Survey, 2011). A storm, such as the PMP storm (4.56 in. of total rainfall) modeled in this analysis, would involve a much larger area of the watershed upstream from Ouray (about 75 mi 2 ) and would likely produce a much larger streamflow than the streamflows at Ouray resulting from the PMP dambreak scenario at Crystal Lake.
Manitou Park Lake
The Bureau of Reclamation hazard classification for Manitou Park Lake for dam-break scenarios is rated "low" (table 5) despite large flood flows. The inundation maps for the peak streamflows were made for the 100-yr, 24-h storm; the 500-yr, 24-h storm; and the PMP, 24-h storm and did not show any dwellings at risk (figs. 24-26) . Little difference in inundation areas between the overtopping scenarios with and without dam break was evident (figs. 24-26) . Culverts at road crossings are likely to be destroyed by the large flood flows or accumulations of debris in any of the three storm scenarios. Destruction of channel crossings may result in recreational users or homeowners being temporarily stranded until post-flooding emergency crossings or evacuations are implemented. The downstream limit of inundation mapping was chosen because there are additional reservoirs immediately downstream, which may cause additional flooding that is unrelated to Manitou Park Lake.
McGinnis Lake
The Bureau of Reclamation hazard classification for McGinnis Lake for dam-break scenarios is rated "low" (table 5) despite large flood flows. The inundation maps for the peak streamflows (figs. 27-29) were made for the 100-yr, 24-h storm; the 500-yr, 24-h storm; and the PMP, 24-h storm and did not show any dwellings at risk. All three dam-break scenarios for the simulated 100-yr, 500-yr, and PMP, 24-hour storm (figs. 27-29), respectively, indicate potential inundation of large wetland areas, but structures, ranchlands, and a campground are not affected. One culvert on Forest Road 205 (to Trappers Lake area) is at high risk for damaging scour or complete washout (as a result of insufficient culvert capacity and potential for debris to clog culverts) during all overtopping-with-dam-break scenarios and possibly during some overtopping-without-dam-break scenarios. Destruction of the culvert crossing may result in recreational users or homeowners being temporarily stranded until post-flooding emergency crossings or evacuations are implemented.
The inundation areas produced in the dam-break scenarios are substantially larger than those produced in the overtopping scenarios without dam failure. The inundation in these areas is shallower and characterized by slower water velocities for two reasons: (1) the additional flooded areas are generally located on the overbank away from the main stream channel, and (2) the flooded areas may involve additional channel width in very wide reaches of the river.
Million Reservoir
The Bureau of Reclamation hazard classification for Million Reservoir for dam-break scenarios is rated "significant" (table 5) because of potential for appreciable economic losses, but there are no lives believed to be in jeopardy as a Similar to reservoirs already discussed, the inundation areas produced in the dam-break scenarios are substantially larger than those produced in the overtopping scenarios without dam failure. The inundation in these areas is shallower and characterized by slower water velocities for two reasons:
(1) the additional flooded areas are generally located on the overbank away from the main stream channel, and (2) the flooded areas may involve additional channel width in very wide reaches of the river.
Limitations and Uncertainties
This report provides estimates of potential downstream flooding and inundation for overtopping with and without dam breaks in response to 100-yr, 500-yr, and PMP, 24-h storms. In general, larger precipitation events result in larger floods and larger areas of inundation; however, the model outputs do not always indicate significant differences, which may be attributable to insensitivity of the model or the coarseness of the data. Additionally, to run the models, roughness had to be varied substantially, and, due to the steepness of the stream gradients, many cross sections had to be generated from the 10-meter DEM, which reduced the detail required to define streambanks and introduced potential error. Only readily available information was used in the assessments and no field measurements were made of the dams, reservoirs, or streams that are downstream from the dams. Although such studies are common, accurate field data would reduce the potential for error that currently exists because of the differences in map (10-meter DEM) and model derived parameters and the current field conditions. However, the estimates and maps provided in this report can be used to prioritize areas downstream from the dams where emergency flood warnings or erosion mitigation may be needed for public safety. This report is provided on the condition that neither the U.S. Geological Survey nor the United States Government may be held liable for any damages resulting from the authorized or unauthorized use of the assessment.
Summary and Conclusions
Dam breaches (overtopping with and without dam break) can produce devastating floods that result in loss of life and substantial property damage. The U.S. Department of Agriculture (USDA) Forest Service has identified hazard concerns for areas downstream from five Colorado dams on Forest Service land. In 2009, the U.S. Geological Survey (USGS), in cooperation with the Forest Service, initiated a flood hydrology and dam-breach hydraulic analysis to estimate the downstream areal extent of potential flood inundation and hazard to downstream life, property, and infrastructure if dam breach occurs.
This report presents the results of flood hydrology and dam-breach hydraulic analyses of five reservoirs in ColoradoBalman Reservoir, Crystal Lake, Manitou Park Lake, McGinnis Lake, and Million Reservoir-located on Forest Service land. Each site was visited by USGS personnel but new data and field measurements were not collected as part of the reconnaissance.
Three high streamflows resulting from three simulated design rainstorms were considered for two cases of dam breach: (1) the dam is overtopped but does not break, and (2) the dam is overtopped and subsequently breaks. Overtopping includes when water behind the dam flows over the dam spillway and (or) water flows over not only the spillway but also the main structure of the dam. Three large rainfall (storm) events were simulated: the 1-percent exceedance (100-year [yr] recurrence), 24-hour (h) precipitation; the 0.2-percent exceedance (500-yr recurrence), 24-h precipitation; and the probable maximum precipitation (PMP) applied over a 24-h duration (hereinafter referred to as the 100-yr, 500-yr, and PMP, 24-h storms). The PMP scenario is consistent with the Bureau of Reclamation (1988) downstream hazard classification guidelines. The other two storm scenarios represent smaller but more probable storms than the PMP. Inundation maps were constructed to estimate the areal extent of downstream flood waters. Simulation results of the dambreak scenarios were used to determine the hazard classification of the dam structure (high, significant, or low), based on the potential for loss of life and property damage resulting from downstream inundation because of flood surge.
Readily available information, such as topographic and geologic maps, information provided by the Forest Service and the U.S. Army Corps of Engineers National Inventory of Dams database, and field reconnaissance, was used for the dam-breach assessment. The watershed of each reservoir and some characteristics of the dams and reservoirs were delineated using a 10-meter spatial resolution digital elevation model derived from the National Elevation Dataset.
The inflow design floods (IDFs) resulting from three rainstorm events (100-yr recurrence, 500-yr recurrence, and PMP, 24-h duration storms) were determined using the U.S. Army Corps of Engineers Hydrologic Engineering Center's Hydro logic Modeling System (HEC-HMS). The 100-yr recurrence and 500-yr recurrence, 24-h storms were determined using National Oceanic and Atmospheric Administration hydrologic reference and computations. The PMP, 24-h storm was estimated using Colorado's extreme precipitation analysis tool (EPAT) guidelines. The infiltration losses were estimated using the USDA Soil Conservation Service curve number method, which estimates precipitation excess as a function of cumulative precipitation, soil group, and land use. A Soil Conservation Service unit hydrograph method was applied to the modeled water sheds, described by a single parameter estimate of the time of concentration. Using a specified rough ness coefficient and channel geometry, continuity and momentum equations were solved to estimate streamflow in the main channels.
The step-backwater hydraulic analysis model, Hydrologic Engineering Center's River Analysis System (HEC-RAS), was used to determine water-surface profiles for overtopping scenarios with and without dam break for the three simulated IDFs. Input data for the HEC-RAS models included stream cross section, hydraulic structure, dam geometries, IDF hydrographs, and roughness coefficients (Manning's n-values). General parameters of the dams such as storage, height, design outflow, and other information were obtained from the National Inventory of Dams database or provided by the Forest Service. Overtopping with dam break was determined by HEC-RAS simulations based on previous failures of dams having similar characteristics.
Inundation maps that show the downstream effects of overtopping with and without dam break were constructed for areas of interest downstream from each dam. The Bureau of Reclamation downstream hazard classifications for Balman Reservoir, Manitou Park Lake, and McGinnis Lake are "low" primarily because of the absence of human habitation and few permanent structures within the predicted inundation areas downstream from the dams. For Crystal Lake and Million Reservoir, the Bureau of Reclamation downstream hazard classification for the dam-break scenario is "significant" because of potential for appreciable economic loss, but no lives are believed to be in jeopardy as a result of overtopping and dam break.
